1. Introduction {#sec1}
===============

Large bone defects resulting from trauma, malignancy, infections, and congenital diseases are a common occurrence in orthopedic and craniofacial surgery \[[@bib1]\]. The preferred treatment of large bone defects is autologous bone grafts and allografts \[[@bib2]\]. While these treatments provide varying degrees of healing and functional restoration, they can often be lengthy, arduous, and associated with numerous drawbacks and complications, such as limited supply, donor site morbidity, possible disease transmission, immune reaction and so on \[[@bib3]\].

Consequently, a variety of biomaterials have been developed and investigated as bone graft substitutes in animal models and clinical trials. Bioactive glasses (BG) have been successfully applied for orthopedics and dentistry, mainly for repairing osseous, cystic, tumor and periodontal defects \[[@bib4], [@bib5], [@bib6]\], due to the ability to react with the body fluid, leading to the formation of a surface layer of HA that bonds strongly with bone and soft tissue \[[@bib7], [@bib8], [@bib9]\]. Meanwhile, ions released of the BG into the medium during the degradation process have been shown to stimulate osteogenic and angiogenic gene expression \[[@bib4], [@bib5], [@bib6]\].

As a class of more recently developed bioactive glasses, borate-based glasses are receiving considerable interest for tissue engineering applications \[[@bib5]\]. Borate-based bioactive glasses was made by partially or fully replacing the SiO~2~ content of 45S5 or 13--93 glass with B~2~O~3~ \[[@bib7],[@bib8]\]. This approach resulted in the creation of bioactive borosilicate and borate glasses with a range controllable degradation rates and bioactive potential through varying the SiO~2~ to B~2~O~3~ ratio of the glass. Studies have shown that these bioactive borosilicate and borate glasses also have the capacity to support the proliferation of osteoblasts *in vitro*, tissue infiltration in rat subcutaneous implantation model *in vivo*, bone regeneration in rabbit large segmental defects *in vivo* \[[@bib10], [@bib11], [@bib12]\], and to serve as implants for local drug delivery in the treatment of osteomyelitis and regenerating bone \[[@bib13],[@bib14]\].

To acquire a treatment with less pain, a shorter hospital stay and fewer complications, there is also a need for synthetic grafts to reconstruct large bone defects using minimally invasive surgery \[[@bib15]\]. Our previous study had developed a novel bone cement composed of bioactive borate glass particles and an aqueous chitosan setting liquid, which offered the advantages of minimally invasive surgery \[[@bib16], [@bib17], [@bib18]\]. By modulating the setting reaction between the bioactive borate glass particles and the chitosan setting liquid, a cement was created with desirable physicochemical properties, such as handling properties, mechanical strength, bioactivity and biodegradation, for potential use as injectable bone cements \[[@bib16],[@bib17]\]. This cement was also found to provide a promising treatment for healing osteomyelitis and regenerating bone in a rabbit tibial defect model *in vivo* \[[@bib18]\]. When loaded with the antibiotic vancomycin and implanted in a rabbit tibial defect model of osteomyelitis, the cement was found to eradicate osteomyelitis in 87% of the defects. Simultaneously, the bioactive glass particles converted into HA and stimulated new bone formation in the defects after 8 weeks of implantation \[[@bib18]\].

Meanwhile, the ease of manufacture and compositional flexibility of glasses make bioactive glasses particularly useful as implants for bone regeneration \[[@bib5]\]. Because of their compositional flexibility, bioactive glasses can serve as a source of many of the bone metabolic elements such as Sr, Zn, Cu, Fe and Mn. As the glass degrades *in vivo*, these elements could be in situ released to the surrounding tissue at a biologically acceptable rate \[[@bib5]\]. In particular, Sr-substituted bioactive glass implants can be beneficial for bone regeneration by also providing a source for controlled local release of Sr^2+^ ions \[[@bib19],[@bib20]\].

Sr (Strontium) can facilitate bone regeneration by stimulating osteoblastic activity and inhibiting osteoclastic resorption simultaneously \[[@bib21],[@bib22]\]. The mechanism depends on the ability of Sr to stimulate the osteogenic gene expression of MSCs (mesenchymal stem cells), and the ALP (alkaline phosphatase) activity and OPG (osteoprotegerin) secretion of osteoblasts \[[@bib23]\]. The expression of OPG in osteoblasts can block the interaction between the RANK (receptor activator of nuclear factor κ B) and its ligand (RANKL, receptor Activator of Nuclear Factor-κ B Ligand), which can inhibit the activity and differentiation of osteoclasts. Besides the direct inhibitory effect on osteoclasts, Sr has the potential to exert an indirect inhibitory effect on osteoclastogenesis and bone resorption through regulation of OPG expression \[[@bib24]\]. Sr has also been found to enhance the expression of angiogenic factors, leading to a coupling between angiogenesis and osteogenesis \[[@bib25]\].

So in a subsequent study, the composition of the borate glass particles in the cement was modified by substituting 9 mol % SrO \[[@bib26]\]. Assays showed that these Sr-substituted borate glass particles enhanced the osteogenic capacity of the cement *in vitro* and *in vivo*. While these results are promising, the optimal amount of Sr substitution in the bioactive glass particles to achieve a cement with a desirable combination of physicochemical properties and ability to simulate bone regeneration and the underlying molecular mechanism of this simulation is yet to be determined.

The main aim of this study was to evaluate the mudulation of Sr on the physicochemical properties and osteogenic capacity of a bone cement composed of bioactive borosilicate glass and a chitosan matrix, and its underlying molecular mechanism on stimulating bone regeneration. Cements composed of the glass particles substituted with varying amounts of Sr (0--12 mol% SrO) and chitosan solution were created. The injectability, setting time, bioactivity and biodegradation of the cements were evaluated *in vitro*. The ability of Sr ions released from the cements to modulate the proliferation, differentiation and mineralization of human bone marrow stem cells (hBMSCs) was studied *in vitro*. Cements were implanted for up to 8 weeks in a rabbit femoral condyle defect model *in vivo* and evaluated for their capacity to stimulate the healing of bone defects.

2. Materials and methods {#sec2}
========================

2.1. Fabrication of bioactive borosilicate glass cements {#sec2.1}
--------------------------------------------------------

The borosilicate glass cements were composed of bioactive borosilicate glass particles dispersed in a setting liquid. Five different borosilicate glass compositions were used in the experiments ([Table 1](#tbl1){ref-type="table"}), giving 5 cement groups. The base borosilicate glass composition, designated BG, contained no SrO while the other four compositions consisted of the base borosilicate glass in which 3, 6, 9 and 12 mol% of the CaO were substituted with SrO, designated BG3Sr, BG6Sr, BG9Sr and BG12Sr, respectively.Table 1Composition of base bioactive borosilicate glass (without Sr) and Sr-substituted bioactive borosilicate glasses.Table 1Glass designationMole percentNa~2~OK~2~OMgOCaOSrOSiO~2~B~2~O~3~P~2~O~5~BG68822010442BG3Sr68819310442BG6Sr68816610442BG9Sr68813910442BG12Sr688101210442

The glasses were prepared by the conventional melt quenching route \[[@bib9]\]. Briefly, the required quantities of H~3~BO~3~, CaCO~3~, SiO~2~, Na~2~CO~3~, K~2~CO~3~, 4MgCO~3~·Mg(OH)~2~·5H~2~O, SrCO~3~ and NaH~2~PO~4~·2H~2~O (analytical grade; Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) were heated in a platinum/rhodium crucible in air for 1--2 h at 1200 °C to form a glass melt. Then the melt was quenched between two steel plates. The resulting glass was crushed and ground to form particles. Then the glass particles were sieved through stainless steel sieves to give particles of size \<40 μm.

The setting liquid for the cements was prepared by dissolving chitosan powder in acetic acid and adding β-glycerophosphate. Chitosan powder with deacetylation of 98% (Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) was dissolved in 1.0 M acetic acid (20 g per liter). After stirring for 1 h, a solution composed of β-glycerophosphate (Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) in distilled water (560 g per liter) was added to the chitosan solution (ratio of chitosan solution to β-glycerophosphate solution = 7:1 by volume). The resulting solution was stirred continuously for 1 h and stored at 4 °C for subsequent use.

Cements having a paste-like consistency were formed by mixing particles of each borosilicate glass and the setting liquid for 1.0--2.0 min in a plastic bowl and pestle. A fixed solid to liquid ratio (weight of glass to volume of setting solution) of 2.0 g per ml was used for each cement. The cement was given the same designation as the particles used in its formation (i.e., BG, BG3Sr, BG6Sr, BG9Sr and BG12Sr).

2.2. Injectability, initial setting time and mechanical strength of borosilicate glass cements {#sec2.2}
----------------------------------------------------------------------------------------------

The injectability of the cement paste was tested *in vitro* using a procedure described previously \[[@bib16]\]. The cement paste, prepared as described above, was transferred into a 5 ml syringe (Kindly Enterprise Development Group Co., Ltd, Shanghai, China) with an opening diameter of 1.7 mm and extruded by applying a force of 150 N at a crosshead speed of 5 mm min^−1^ using a mechanical testing machine (ZQ-990LA, ZHIQU Test Machine Inc., Dongguan, China). The percent injectability (I) of the cement was determined using the equation:$$I\mspace{9mu} = \mspace{9mu}\left\lbrack {\left( {M_{o} - M} \right)/M_{o}} \right\rbrack \times 100$$where M~o~ is the initial mass of the cement in the syringe, and M is mass remaining in the syringe after the extrusion. Six samples of each cement were tested and the results are expressed as a mean ± SD.

The initial setting time of the cement pastes (prepared as described above) was determined according to methods in Refs. \[[@bib16],[@bib17]\]. Briefly, a Teflon mold containing six holes (20 mm in diameter × 5 mm) was placed in a water bath at 37 °C. Then the cement paste was injected into the Teflon mold cavity. The initial setting time was determined using Gilmore needles (mass = 114 g; diameter = 2.117 mm). Six samples of each cement group were tested and the results are expressed as a mean ± SD.

The compressive strength of the each cement group after setting (equilibrated for 24 h under constant environmental conditions) was tested in a mechanical testing machine (ZQ-990LA, ZHIQU Test Machine Inc., Dongguan, China). Cylindrical samples (6 mm in diameter × 12 mm) were tested at a crosshead speed of 1.0 mm min^−1^. Six samples of each cement group were tested and the results are expressed as a mean ± SD.

2.3. Degradation and bioactive potential of borosilicate glass cements in vitr {#sec2.3}
------------------------------------------------------------------------------

The degradation of the cements was evaluated as a function of soaking time in phosphate buffered saline (PBS) (GE Healthcare Life Science, Utah, USA) at 37 °C. Flaky samples of each cement (10.0 mm in diameter × 3.0 mm) were set for 24 h and soaked in 25.1 ml PBS (calculated from the apparent surface area of the specimen according to a previous study) in polyethylene containers \[[@bib27]\]. At each time point, the cement samples were removed, washed with distilled water and dried at 80 °C. The weight loss of the cement was taken as the difference between the initial (unreacted) mass and the mass at selected soaking time. The pH of soaking medium (PBS) was tested by a pH meter (FiveEasyPlus™, METTLER TOLEDO, Shanghai, China) after room temperature cooling. Five samples of each cement group were measured at each soaking time and the results are expressed as a mean ± SD. The concentration of Sr^2+^ ions in the soaking medium (PBS), resulting from the degradation of the borosilicate glass particles in the cement, was measured by ICP (inductively-coupled plasma atomic emission spectroscopy) (Optima 7000DV, PerkinElmer, Waltham, USA). Five samples in each group were tested at each soaking time, and the results are expressed as a mean ± SD.

The conversion of borosilicate glass into hydroxyapatite (HA) in the cements after soaking in PBS was determined by XRD (X-ray diffraction) (D/max-2500VB2+/PC, Rigaku, Tokyo, Japan) using monochromatic Cu K~α~ radiation (λ = 0.15406 nm) at a scanning rate of 8° min^−1^ (in the range 10--80° 2θ), and FTIR (Fourier transform infrared spectroscopy) (EQUINOXSS/HYPERION2000, Bruker Corporation, Massachusetts, Germany) in the wavenumber range 400--4000 cm^−1^ on KBr disks. Each sample was scanned 32 times at a scan rate of 0.04 cm^−1^. The morphological features of the cements before and after soaking in PBS were examined in a FE-SEM (field emission scanning electron microscope) (Nova NanoSEM 450, FEI, The Netherlands).

2.4. In vitro response of human bone marrow stem cells (hBMSCs) to borosilicate glass cements {#sec2.4}
---------------------------------------------------------------------------------------------

The primary hBMSCs used in these experiments was purchased from the cell bank of Chinese Academy of Sciences at Shenzhen, China. The hBMSCs were cultured in α-MEM (Corning, NY, USA) supplemented with 10% fetal bovine serum (FBS; GIBCO, Invitrogen Pty Ltd., Thornton, Australia) plus 100 U ml^−1^ penicillin and 100 μg ml^−1^ streptomycin sulfate (GIBCO, Invitrogen Pty Ltd., Thornton). When approximately 80% confluence was reached, the cells were trypsinized in 0.25% pancreatic enzymes (HyClone, Beijing, China). Cells of generations 6--8, which were cultured at 37 °C in a humidified atmosphere of 5% CO~2~ and 95% air, were used for all the cell culture experiments.

### 2.4.1. Cytotoxicity {#sec2.4.1}

A Live-Dead cell staining was performed to determine the cytotoxicity of the cements coculture of hBMSCs with extracts of the cements. The hBMSCs were seeded in the medium containing each group of cement samples (1.25 cm^2^/ml \[[@bib28]\]) at a density of 15,000 cells/cm^2^. After culturing for 7 days, the cells mixed with cements were rinsed with warm PBS twice and incubated for an additional 30 min in serum-free DMEM containing 2 mM calcein acetoxymethyl ester (calcein AM; Biotium, Hayward, CA, USA) and lg/ml propidium iodide (Sigma-Aldrich, St. Louis, USA). The fluorochrome-labeled cultures on the cement samples were then rinsed with PBS and examined under an epifluorescent microscope fitted with appropriate exciter and emitter filters to detect live (green fluorescent) and dead (red fluorescent) cells.

### 2.4.2. Cell adhesion and proliferation {#sec2.4.2}

Cell adhesion were assessed by seeding 1 × 10^4^ hBMSCs on flaky specimens (10 mm in diameter × 3 mm) of each cement in 24-well culture plates. The cells were incubated in DMEM (Dulbecco\'s modified Eagle\'s medium) (GIBCO, Invitrogen Pty Ltd., Thornton, Australia) supplemented with 10% fetal bovine serum (FBS; GIBCO, Invitrogen Pty Ltd., Thornton, Australia). The cell cultures were maintained at 37 °C in a humidified atmosphere of 5% CO~2~ and 95% air. After 7 days, the samples were removed, rinsed with PBS, and fixed with glutaraldehyde (2.5 wt%) (Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) in PBS for 1--2 h. Then the samples were washed with a buffer containing 4% (w/v) sucrose (Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) in PBS to remove the fixative. After post-fixed in 1% osmium tetroxide (Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) in PBS and dehydrated in a graded series of ethanol (50, 70, 90, 95, and 100%), the samples were coated with gold and examined in a FE-SEM (field emission scanning electron microscope) (Nova NanoSEM 450, FEI, Netherlands).

A CCK-8 (Cell Counting Kit-8) assay (Dojindo Molecular Technologies, Inc. Washington, D.C. USA) was used to evaluate the proliferation of hBMSCs cultured on the cements. Briefly, 1 × 10^4^ hBMSCs were seeded on each cement specimen (13 mm in diameter × 3 mm) and cultured for 1, 3, and 7 days. Then each well was added with 360 μL culture medium and 40 μL CCK-8 solution at each time point, and incubated at 37 °C for another 4 h subsequently. An aliquot of 100 μL was taken from each well and transferred to a fresh 96-well plate. The absorbance of these samples was measured at 450 nm using a spectrophotometric microplate reader (Bio-Rad 680, Berkeley, USA). The results were determined as the optical density minus the absorbance of the blank wells. Six duplicates were measured at each time point, and the results are expressed as a mean ± SD.

### 2.4.3. DNA quantification {#sec2.4.3}

The global effects of the cements on the proliferation of hBMSCs were also assessed by measuring the total cellular DNA content in cultures incubated with the cement samples (10 mm in diameter × 3 mm). Samples of each cement group were added to hBMSCs cultures (with density of 1 × 10^4^ cells per well in a 24-well plate) and incubated for 7 and 14 days. The cultures were rinsed twice with PBS after incubation. The DNA in all wells was extracted using the TIANamp Genomic DNA kit (Tiangen Biotech, Beijing, China) according to the manufacturer\'s instructions. The quantification of DNA concentration in each group was measured by a UV spectrophotometer (Eppendorf, Hamburg, Germany). Six duplicates were measured ateach time point, and the results are expressed as a mean ± SD.

### 2.4.4. Alkaline phosphatase (ALP) activity {#sec2.4.4}

The hBMSCs were seeded on the surface of borosilicate glass cement samples with density of 1 × 10^4^ cells per well in a 24-well plate. After culturing for 3 days at 37 °C, the medium was replaced with a self-made osteogenic differentiation medium, which contains dexamethasone, β-glycerophosphate disodium salt hydrate, [l]{.smallcaps}-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma-Aldrich, St. Louis, USA), to induce differentiation of hBMSCs. At 7 and 14 days of incubation, the medium was removed and the cell monolayer was washed twice with PBS. The cells were then treated with cold Triton X-100 (Sigma-Aldrich, St. Louis, USA) for 1 h under agitation to extract the ALP. Aliquots of the mixture were taken for estimation of the protein concentration. The ALP assay was performed according to the manufacturer\'s protocol using an ALP assay kit (Mskbio, Wuhan, China). Six duplicates were measured ateach time point, and the results are expressed as a mean ± SD.

### 2.4.5. Alizarin Red S staining {#sec2.4.5}

The hBMSCs were seeded on the surface of borosilicate glass cement samples with density of 1 × 10^4^ cells per well in a 24-well plate. After 21 days of culturing, Alizarin Red S staining of hBMSCs cultures was conducted. The culture medium was removed from each well and the cells were rinsed three times with PBS. Then 4% formaldehyde solution (Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) was added to fix the hBMSCs for 30 min at room temperature. After rinsed twice with PBS, the fixed cells were stained with 1 ml of 2% Alizarin Red S working solution (Sigma-Aldrich, St. Louis, USA) and incubated for about 20 min at 37 °C. Cells were then rinsed three times and visualized under an optical microscope (Axioskop 40; Carl Zeiss, Jena, Germany). The number of mineralized nodules per well was determined from the optical images. Triplicate were measured and the results are expressed as a mean ± SD.

### 2.4.6. Expression of the osteogenic-related genes {#sec2.4.6}

The hBMSCs were seeded on the surface of borosilicate glass cement samples with density of 1 × 10^4^ cells per well in a 24-well plate. After culturing for 7, 14 and 21 days, the hBMSCs were harvested using TRIzol reagent (Invitrogen Pty Ltd., Thornton, Australia) to extract the RNA. Then the RNA was reverse-transcribed into complementary DNA (cDNA) using a Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, USA). Real-time PCR was performed to examine the expression of early, middle and late osteogenic-related genes (RUNX2 (runt-related transcription factor 2), BSP (bone sialoprotein) and OCN (osteocalcin)) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (GeneTex, Inc. Irvine, USA) mRNA levels in the hBMSCs. The expression levels of RUNX2, BSP and OCN for each cement were standardized by the internal control levels of GAPDH. Primer sequences used for real-time PCR are shown in [Table 3](#tbl3){ref-type="table"}. Amplification was denatured for 5 min at 94 °C, followed by 30 cycles of denaturation for 1 min at 94 °C; then annealed for 30 s at 54 °C and 1 min at 72 °C. After the temperature was returned to 95 °C, the samples were stored at 4 °C overnight. These procedures were performed in a PCR machine (Eppendorf, Hamburg, Germany). Six duplicates were measured ateach time point, and the results are expressed as a mean ± SD.

### 2.4.7. Activation of Wnt signaling pathway {#sec2.4.7}

For activation of Wnt signaling pathway study, hBMSCs were cultured in 6-well plate at a seeding density of 1 × 10^5^ cells/well (5 samples for each group) and incubated with media in each group for 7 days. Wnt/β-catenin signaling pathway related genes (β-catenin, DKK1, Wnt5A) were investigated by RT-qPCR (Eppendorf, Hamburg, Germany) assay as described above, and primers sequences used in this assay were listed in [Table 3](#tbl3){ref-type="table"}. Protein expressions of the β-catenin signaling pathway was analyzed by Western blot. The total protein of hBMSCs were extracted by RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) with addition of phenylmethylsulphonyl fluoride (PMSF, Sigma-Aldrich, St. Louis, USA) and protease inhibitor cocktail (Sigma-Aldrich, St. Louis, USA). After centrifugation, the supernatant of cell lysates was collected and stored in −80 °C or used immediately for Western blot assay. Standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were used to separate the total proteins, which were then transferred onto a polyvinylidene difluoride (PVDF) membrane. The membranes were immersed in 5% skim milk for 1 h at room temperature to block nonspecific site, and subsequently incubated with *anti*-β-catenin antibody (Proteintech, Wuhan, China, 1:10000) overnight at 4 °C. The *anti*-GAPDH antibody (Cell Signaling Technology, 1:1000) was used as reference protein. After washed with Tris Buffered Saline with Tween-20 (TBST) for four times (5 min/time), the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Proteintech, Wuhan, China) for 1 h at 37 °C. Eventually, the membranes were washed with TBST for four times (5 min/time) and the protein band were detected by using a ECL-plus chemiluminescent system (Beyotime Biotechnology, Shanghai, China). AlphaEase FC software was used to analysis the quantitative densitometric of the images. Meanwhile, FH 535 (R&D Systems, USA), the signal inhibitor was used to block Wnt/β-catenin signaling pathway, and the change of Wnt/β-catenin signaling pathway related genes (β-catenin, DKK1, Wnt5A) expression were analyzed. FH 535 was dissolved in PBS containing 0.1% BSA at a concentration of 20 mM. hBMSCs was pretreated for 30 min and further incubation for 24 h with FH 535 solution (20 mM) before subsequent experiments. Wnt/β-catenin signaling pathway related genes (β-catenin, DKK1, Wnt5A) was investigated by RT-qPCR (Eppendorf, Hamburg, Germany) assay as described above.

2.5. Evaluation of borosilicate glass cement in rabbit femoral condyle defect model {#sec2.5}
-----------------------------------------------------------------------------------

### 2.5.1. Animal model and implantation procedure {#sec2.5.1}

All animal studies were performed in Shenzhen Institutes of Advanced Technology (SIAT), Chinese Academy of Sciences, in accordance with the Animal Research Committee of SIAT. A total of 18 adolescent male New Zealand white rabbits (weighing of 3.0--3.5 kg) were used in experiment. The rabbits were housed individually in stainless steel cages with wire tops in a temperature-controlled (22 °C) animal facility with a 12:12 light:dark cycle (lights on at 08:30 in the discrimination studies and 07:00 in the remaining experiments). All animals were allowed free post-operative movement with food and water ad libitum. After arrival, the animals were acclimated for 7 days prior to the start of the study. Injection sites were shaved and cleansed with 70% ethanol and Betadine TM (povidone iodine 10%). All animals were operated under general anesthesia with intraperitoneal injection of pentobarbital sodium (0.1 ml per 100 g, Tokyo Kasei Kogyo, Tokyo, Japan).

Cement paste was implanted into the medial condyle of the femur in both hind legs. A longitudinal incision was made on the anterior surface of the femur. The inner side of the knee joint was cut to expose the femur. Then the periosteum was resected and a 5 mm pilot hole was drilled using a special 6 mm diameter burr. A ring was inserted at a depth of 10 mm to ensure the appropriate depth (10 mm) of the drill hole. A 10 ml syringe was used to inject the BG, BG6Sr and BG9Sr cement paste (n = 16) into the prepared bone cavity. Injection of the cement paste was conducted in a retrograde manner, from the bottom of the defect to the surface, no sooner than 6 min after the start of mixing of the cement. This cement injection procedure provided a way to fill the defect in a retrograde manner which could largely prevent significant air entrapment. This procedure also provided good filling of the bone defect and good initial contact with the defect wall. The subcutaneous tissues and skin were closed up layer by layer with silk threads after the injection of cement paste. Then an antibiotic (penicillium; Tai Yu Chemical & Pharmaceutical Co., Taiwan) at a dose of 40 mg/kg were injected subcutaneously into the rabbits for 3 days, to reduce the risk of peri-operative infection. The animals were sacrificed using an overdose of barbiturate (Mebumal; ACO Läemedel AB, Solna, Sweden) at 4 and 8 weeks postimplantation, and the implants in the medial condyle of the femur were exposed and retrieved, 8 rabbits were sacrificed at each implantation time.

### 2.5.2. Histological analysis {#sec2.5.2}

The harvested femurs was first fixed in 10% formalin (BOSTER Biological Technology co.ltd, California, USA) at room temperature for 24 h, and then dehydrated in a graded series of ethanol (50, 70, 90 and 100%). After that the undecalcified specimens were embedded in polymethyl methacrylate (PMMA). The transverse sections of the segment were cut, hand-ground and polished to a final thickness of \~40 μm \[[@bib29]\]. New bone formation at the bone−cement interface of the section was identified by Van Gieson\'s picrofuchsin stain. Bone tissue and cement appeared red and black, respectively. The percentage of mineralized bone in direct contact with the cement implant, referred to as the bone−implant contact (BIC) value, was measured from the stained sections.

### 2.5.3. Microcomputed tomography (microCT) analysis {#sec2.5.3}

The morphology of the reconstructed femurs was assessed using micro-CT (*In vivo* micro-CT SkyScan 1176, Bruker microCT, Belgium) in 18 μm resolution scanning mode. Images were reconstructed based on Feldkamp convolution back projection algorithm and segmented into binary images using adaptive local thresholding. The percentage of new bone volume relative to tissue volume (BV/TV) was calculated.

2.6. Statistical analysis {#sec2.6}
-------------------------

All quantitative data are presented as mean ± SD. Statistical analysis was performed using one-way ANOVA and the Student\'s t-test, with the level of significance set at p \< 0.05.

3. Results {#sec3}
==========

[Table 1](#tbl1){ref-type="table"} gives the compositions of the borosilicate glasses used in this study. The base borosilicate glass (without Sr), designated BG, has a CaO content of 22.0 mol %. Substitution of Sr into the glass was achieved at the expense of replacing the equivalent amount of CaO in the base glass with SrO (on a molar basis). The glass compositions containing 3, 6, 9 and 12 mol % SrO are designated BG3Sr, BG6Sr, BG9Sr and BG12Sr, respectively. Cements formed from these bioactive borosilicate glasses were given the same designation as the respective glasses.

3.1. Handling properties of bioactive borosilicate glass cements {#sec3.1}
----------------------------------------------------------------

The measured injectability, initial setting time, and the compressive strength of the cements are given in [Table 2](#tbl2){ref-type="table"}. The average injectability increased from 95.2% for the BG cement to 98.0% for the BG6Sr cement but showed little further increase for cements with higher Sr substitution. There always had a small amount of paste inevitably remained in the syringe after extrusion, which gave a practical upper limit (below 100%) for this method. Therefore all of the cements might have reached the practical upper limit \[[@bib30]\]. Attribution to the cohesiveness of the bioactive borosilicate glass particles and the chitosan phase, no observable phase separation upon extrusion from the syringe was observed for any of the cements \[[@bib31]\]. The initial setting time of the cements increased nearly linearly with increasing Sr content of the glass particles, from an average value of 10.0 min for the BG cement to 26.3 min for the BG12Sr cement. In comparison, the compressive strength of the cements showed little dependence on Sr substitution, with average values within a narrow range of 20.9--23.2 MPa.Table 2Injectability, initial setting time and compressive strength of bioactive borosilicate glass cements.Table 2Cement designationInjectability (%)Initial setting time (min)Compressive strength (MPa)BG95.2 ± 0.710.0 ± 1.723.2 ± 1.9BG3Sr96.6 ± 1.213.6 ± 1.522.4 ± 1.6BG6Sr98.0 ± 1.616.3 ± 1.522.9 ± 2.1BG9Sr98.3 ± 1.522.6 ± 2.023.6 ± 1.6BG12Sr98.4 ± 1.726.3 ± 2.020.9 ± 1.3Table 3Primers used for real time polymerase chain reaction (RT-PCR) analysis.Table 3GenesForward primer (5′--3′)Reverse primer (5′--3′)RUNX2CATGAGAGCCCTCACAAGGATAAAAGTAGGCATGCTTGBSPATGGCCTGTGCTTTCTCAATGCTCCTCTTCTTCTTCATCACOCNCATGAGAGCCCTCACAAGAGCGACACCCTAGACβ-CateninGGTCCTCTGTGAACTTGCGTAATCCTGTGGCTTGTCCDKK1ATCATAGCACCTTGGATGGGGACCGGTGACAAACAGAACCWnt5AAGCCCAGCTGATTCTTAATACCGCTCAACTACATGGGACTTTCTGAPDHATCCCATCACCATCTTCCGAGTCCTTCCACGATACCA

3.2. In vitro degradation and bioactivity of borosilicate glass cements {#sec3.2}
-----------------------------------------------------------------------

[Fig. 1](#fig1){ref-type="fig"} shows the measured weight loss of the bioactive borosilicate glass cements, the pH of the soaking medium (PBS) and the concentration of Sr^2+^ ions in PBS as a function of soaking time. The weight loss ([Fig. 1](#fig1){ref-type="fig"}a) of all the cements showed the same general trend, which increased rapidly in the first 10--15 days, and then followed by a much slower increase. However, at any given time, the weight loss decreased with increasing Sr substitution of the glass, and which reason maybe as followed: The incorporation of strontium by partial substitution of magnesium and calcium is therefore expected to occupy more space and inhibit the movement and release of other ions in glass network, and thereby reduce the dissolution rate of borosilicate BGs \[[@bib19]\]. At 20 days, the weight loss was 38.5, 29.5, and 26%, respectively, for the BG, BG6Sr and BG12Sr cements. In comparison, at 90 days when the experiments were terminated, the weight loss was about 45, 40, and 37%, respectively, for these three cements.Fig. 1(a) Weight loss of borosilicate glass cements, (b) pH of the immersion medium and (c) cumulative concentration of Sr^2+^ released into the medium as a function of immersion time in phosphate-buffered saline (PBS).Fig. 1

The pH of the PBS ([Fig. 1](#fig1){ref-type="fig"}b) mirrored the trend in the weight loss data as a function of time but it showed a weaker dependence on the amount of Sr substitution of the glass. At any time, the pH decreased weakly with increasing Sr substitution. Starting from its initial value of 7.4, the pH increased rapidly during the first 10--15 days, reaching its highest value of 8.4--8.6 at \~12 days. Thereafter, the pH decreased slowly with time, to \~8.3 at 90 days.

The data curves for the concentration of Sr^2+^ ions released from the cements into PBS ([Fig. 1](#fig1){ref-type="fig"}c) showed the same trend with time but at any given time, the Sr^2+^ concentration increased with increasing Sr substitution of the glass. The curves increased rapidly with time, reaching a maximum value at \~20 days, after which the Sr^2+^ concentration decreased slowly. The maximum Sr^2+^ concentration (at 20 days) was 25, 45, 62.5 and 80 ppm, respectively, for the BG3Sr, BG6Sr, BG9Sr and BG12Sr cements. At 90 days, the corresponding Sr^2+^ concentration in the PBS was 20, 32.5, 42.5 and 52.5 ppm for these four cements. These data show that, starting with the BG3Sr cement, the Sr^2+^ concentration in the PBS increased approximately linearly with increasing Sr substitution of the glass.

The as-prepared cements were amorphous. After soaking of the cements for 30 days in PBS, XRD (X-ray diffraction) patterns showed a broad peak of low intensity (height) at \~30° 2θ which corresponded to the main peak in a reference HA \[[@bib7],[@bib8]\], as shown in [Fig. 2](#fig2){ref-type="fig"}a and b for the BG and BG6Sr cement. As the soaking time increased to 60 and 90 days, the peak at \~30° 2θ became sharper and increased in intensity. There was no measurable difference in the location of this peak between the BG and BG6Sr cements but, at each time, the peak for BG cement appeared sharper and more intense than that for the BG6Sr cement. The broader and lower intensity peaks of BG6Sr cement might be an indication of a deteriorated crystallinity of as-formed HA, which maybe result from that Sr substitution lowered the conversion rate of the bioactive glass particles to HA \[[@bib19],[@bib20]\]. The presence of β-glycerophosphate or chitosan was not observed in the XRD patterns, and XRD patterns for the other cements showed a correspondingly similar trend and they are omitted for brevity.Fig. 2X-ray diffraction patterns of (a) BG and (b) BG6Sr cement, and Fourier-transform infrared spectra of (c) BG and (d) BG6Sr cement after immersion of the cements in PBS for 30, 60 and 90 days.Fig. 2

FTIR (Fourier transform infrared) spectra of the BG and BG6Sr cements after soaking in PBS for 30, 60 and 90 days ([Fig. 2](#fig2){ref-type="fig"}c and d) showed the major vibrational bands associated with HA, and the presence of β-glycerophosphate or chitosan was not observed. These include the major band at \~1040 cm^−1^ corresponding to the (PO~4~)^3−^ ν3 vibration and the bands at \~600 cm^−1^ corresponding to the (PO~4~)^3−^ ν4 vibration \[[@bib17]\]. The intensity of these two vibrational bands increased with longer immersion time, indicating an increasing amount of HA formed with time. Bands corresponding to the (CO~3~)^2−^ ν3 vibration at \~1400 cm^−1^ and the (CO~3~)^2−^ ν2 vibration at \~873 cm^−1^ were present in the spectra for the samples immersed in PBS, indicating the formation of a carbonate-substituted HA product \[[@bib32]\]. There was no measurable difference in the location of the HA vibrations in the FTIR spectra of BG and BG6Sr cements. However, the vibrations in the spectrum of the BG6Sr cement were broader and less intense that those for BG cement. This indicates that Sr substitution of the glass particles lowered their conversion to HA \[[@bib19],[@bib20]\], which is consistent with the aforementioned XRD results. FTIR spectra for the other cements showed trends correspondingly similar to those described for the BG and BG6Sr cements and they are omitted for brevity.

SEM (Scanning electron microscope) images of the surface of the BG, BG6Sr and BG12Sr cements before after soaked in PBS showed that the as-prepared cements showed a rough surface in which some BG particles and large pores are visible. After soaked in PBS for 30, 60 and 90 days, a layer of fine flake-like particles formed on the surface of the samples and covered the whole surface ([Fig. 3](#fig3){ref-type="fig"}). Taken in combination with the XRD and FTIR data, this particulate microstructure presumably represents an HA product formed on the surface of the cements, and the particles at the surface layer grew in size with longer immersion time and developed a more rounded morphology.Fig. 3Scanning electron microscope (SEM) images of the surface morphology of BG, BG6Sr and BG12Sr cements before and after immersion of the cements in PBS for 30, 60 and 90 days.Fig. 3

3.3. Live and dead staining of hBMSCs *in vitro* {#sec3.3}
------------------------------------------------

The Live-Dead assay ([Fig. 4](#fig4){ref-type="fig"}) provided a direct observation of the proportion of living and dead cells, which can evaluate the cytotoxicity of the cement extracts to hBMSCs \[[@bib19]\]. Live hBMSCs (stained green) suspended, proliferated and remained viable after 3 days culture with all of the cement extracts. The BG6Sr cement exhibited the least number of dead cells and the greatest number of living cells. Other groups showed a relatively higher proportion of dead cells than the BG6Sr cement.Fig. 4Live/Dead assay after 3 days of culture period with (a, b) BG, (c, d) BG3Sr, (e, f) BG6Sr, (g, h) BG9Sr and (i, j) BG12Sr cements. Bars at 100 μm.Fig. 4

3.4. Proliferation and ALP (alkaline phosphatase) activity of hBMSCs *in vitro* {#sec3.4}
-------------------------------------------------------------------------------

SEM images of hBMSCs cultured for 7 days on the surface of the cements ([Fig. 5](#fig5){ref-type="fig"}) showed that the cells adhered to the cement and presented numerous lamellipodia and filopodia. All of the cements supported the proliferation of hBMSCs as measured by CCK-8 (Cell Counting Kit-8) assays ([Fig. 6](#fig6){ref-type="fig"}a). Sr substitution of the glass modulated hBMSC proliferation. Cell proliferation increased with Sr content, reached a maximum for the BG6Sr cement and decreased for the BG9Sr and BG12Sr cements. At both culture times (3 and 7 days), Sr substitution enhanced hBMSC proliferation but the BG6Sr cement supported significantly better hBMSC proliferation than the other cements. Total DNA concentration and ALP activity of the hBMSCs cultured for 7 and 14 days on the cements are presented in [Fig. 6](#fig6){ref-type="fig"}b and c. At each culture time, the total DNA and ALP activity showed the same trend with Sr substitution as the hBMSC proliferation, i.e., the BG6Sr cement showed significantly better total DNA concentration and ALP activity than the other cements.Fig. 5SEM images showing adhesion of hBMSCs on the surface of (a) BG, (b) BG3Sr, (c) BG6Sr, (d) BG9Sr and (e) BG12Sr cements after 7 days of culture.Fig. 5Fig. 6(a) Proliferation of hBMSCs cultured on borosilicate glass cements for 3 and 7 days; (b) total DNA concentration and (c) ALP activity of hBMSCs cultured on borosilicate glass cements for 7 and 14 days. (Mean ± SD; n = 5; \*significant difference compared with the BG group, p \< 0.05; \# significant difference between groups, p \< 0.05).Fig. 6

3.5. Biomineralization of hBMSCs *in vitro* {#sec3.5}
-------------------------------------------

Alizarin red S staining was used to examine the formation of mineralized nodules by hBMSCs cultured on the cements for 21 days ([Fig. 7](#fig7){ref-type="fig"}a--e). Quantitation of mineralized nodules ([Fig. 7](#fig7){ref-type="fig"}f) showed that Sr substitution of the borosilicate glass also modulated the *in vitro* mineralization of hBMSCs. The number of mineralized nodules per well showed trends similar to those described earlier for the hBMSC proliferation and ALP activity ([Fig. 6](#fig6){ref-type="fig"}). The number of mineralized nodules was significantly higher for the Sr-substituted cements than for the BG cement, with the BG6Sr cement showing a significantly higher number of mineralized nodules per well than the other cements.Fig. 7Optical micrographs of (a) BG, (b) BG3Sr, (c) BG6Sr, (d) BG9Sr and (e) BG12Sr cement stained with Alizarin red S; (f) mineralized nodule formed by hBMSCs in extracts of culture media at 21 days of culture. (Mean ± SD; n = 5; \*significant difference compared with the BG group, p \< 0.05; \# significant difference between groups, p \< 0.05).Fig. 7

3.6. Osteogenic-related gene expression of hBMSCs {#sec3.6}
-------------------------------------------------

The expression levels of early, middle and late osteogenic-related genes (RUNX2, BSP and OCN, respectively) of hBMSCs incubated on the cements ([Fig. 8](#fig8){ref-type="fig"}) showed trends that were similar to the results of the *in vitro* assays described earlier. When compared to the BG cement, the Sr-substituted cements stimulated enhanced expression of RUNX2 at 7 days, BSP at 14 days, and OCN at 21 days. The most significant enhancement was again shown by the BG6Sr cement.Fig. 8Expression of early, middle and late osteogenic genes of hBMSCs. (a) Runt related transcription factor 2 (RUNX2) mRNA expression on day 7; (b) Bone sialoprotein (BSP) mRNA expression on day 14; (c) Osteocalcin (OCN) mRNA expression on day 21. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the control. (Mean ± SD; n = 5; \*significant difference compared with the BG group, p \< 0.05; \# significant difference between groups, p \< 0.05).Fig. 8

3.7. Activation of Wnt signaling pathway {#sec3.7}
----------------------------------------

The effects of the cement groups on activation of Wnt/β-catenin determined by mRNA expression of β-catenin, DKK1 and Wnt5A, and the Western blot analysis of β-catenin protein expression were shown in [Fig. 9](#fig9){ref-type="fig"}. All the cement groups could increase the expression of β-catenin, DKK1, Wnt5A compared with control group ([Fig. 9](#fig9){ref-type="fig"}a). However, through comparison among cement groups, there was a most significant enhancement for BG6Sr cement in β-catenin and Wnt5A expression. To further determine the role of Wnt signaling pathway in cements induced osteogenesis, the cultured hBMSCs were pretreated with FH 535 (an inhibitor of Wnt signaling pathway) before the challenge of cements. After pretreated for 30 min and further incubation for 24 h with FH 535 (20 μM), the expression of β-catenin, DKK1, Wnt5A compared with control group was completely blocked ([Fig. 9](#fig9){ref-type="fig"}b). Western blot analysis ([Fig. 9](#fig9){ref-type="fig"}c and d) indicated that the protein expression of β-catenin in Sr-substituted cements were significantly higher than BG cement, whereas there were no significant differences between BG cement and control group.Fig. 9(a) Wnt/β-Catenin signaling pathways related genes expression of hBMSCs cultured with borosilicate glass cements for 7 days; and (b) the same related genes expression of hBMSCs cultured with borosilicate glass cements for 7 days with FH 535 pretreated; (c) β-Catenin protein expression of hBMSCs cultured with borosilicate glass cements supplemented with osteogenic medium for 14 days by Western blot analysis; and (d) semi-quantitative statistical analysis of the gray-scale value of the straps. (Mean ± SD; n = 5; \*significant difference compared with the control group, p \< 0.05; \# significant difference between groups, p \< 0.05).Fig. 9

3.8. Histomorphometric analysis of bone regeneration *in vivo* {#sec3.8}
--------------------------------------------------------------

The bone−cement interface in the rabbit femoral defects after the implantation of the BG, BG6Sr and BG9Sr cements for 4 and 8 weeks was further assessed using histomorphometric analysis ([Fig. 10](#fig10){ref-type="fig"}a--d). Images for the BG9Sr cement are omitted for brevity. As showed in Van Gieson\'s picrofuchsin stained sections, none of the cements had the signs of rejection, necrosis or infection after implanted, which indicated its well-toleration into the defect sites. At 4 weeks, there was only a small amount of newly formed bone (yellow arrowhead) and large gaps were apparent around the BG cement (designated C) ([Fig. 10](#fig10){ref-type="fig"}a). In comparison, the amount of newly formed bone around the BG6Sr and BG9Sr cements appeared to be higher (yellow arrowhead) and the gaps around the cement (C) were noticeably smaller ([Fig. 10](#fig10){ref-type="fig"}b). The BIC (bone-implant contact) index for BG3Sr, BG6Sr and BG9Sr cements at 4 weeks was 13 ± 2%, 26 ± 5% and 19 ± 4%, respectively ([Fig. 10](#fig10){ref-type="fig"}e).Fig. 10(a--d) Optical images of undecalcified sections stained with van Gieson\'s picrofuchsin: (a, c) BG cement at 4 and 8 weeks; (b, d) BG6Sr cement at 4 and 8 weeks; new bone appears red and the cement appears black; B indicates bone, C indicates cement, and yellow arrowhead indicates new bone formation. (e) Bone−implant contact (BIC) for rabbit femoral condyle defects implanted with BG, BG6Sr and BG9Sr cements at 4 and 8 weeks postimplantation. (Mean ± SD; n = 5; \*significant difference between groups, p \< 0.05).Fig. 10

At 8 weeks, small gaps were still apparent around the BG cement (C), indicating more limited bone−cement contact ([Fig. 10](#fig10){ref-type="fig"}c). In comparison, more bone (yellow arrowhead) grew into the voids resulting from the degradation of the BG6Sr (and BG9Sr) cements (C), indicating direct bone−cement contact and better osseointegration ([Fig. 10](#fig10){ref-type="fig"}d). The BIC index for the BG3Sr, BG6Sr and BG9Sr cements was 26 ± 3%, 36 ± 6% and 31 ± 4%, respectively, at 8 weeks.

3.9. Microcomputed tomography (microCT) of cements implanted *in vivo* {#sec3.9}
----------------------------------------------------------------------

MicroCT images of bone regeneration in rabbit femoral condyle defects implanted for 8 weeks with the BG, BG6Sr and BG9Sr cements are shown in [Fig. 11](#fig11){ref-type="fig"}a--f. At the interface between the bone-like graft converted from BG cement (dark gray area) and host bone (the bright area), only a smaller amount of new bone (light gray area) was formed. In comparison, there was more extensive bone formation (indicated by the red arrowhead) at the bone−cement interface for the BG6Sr and BG9Sr cements \[[@bib33]\].Fig. 11(a--f) Microcomputed tomography (micro CT) images of bone regeneration in rabbit femoral condyle defects implanted for 8 weeks with borosilicate glass cements: (a, d) BG cement; (b, e) BG6Sr cement; (c, f) BG9Sr cement; The images show three-dimensional reconstructed images (a, b and c) and sagittal images (d, e and f) of the region surrounding the cement. The bright area indicates the host bone; light gray, the newly formed bone; dark gray area, the bone-like graft converted from cement; red arrowhead indicates new bone formation. (g) Bone mineral density (BMD) and bone volume/total volume (BV/TV) determined from the micro CT images. (Mean ± SD; n = 5; \*significant difference between groups, p \< 0.05).Fig. 11

Quantitation of the micro-CT images ([Fig. 11](#fig11){ref-type="fig"}g) showed that the BMD (bone mineral density) in the defects implanted with the BG6Sr and BG9Sr cements was significantly higher than that for the BG cement (240 ± 43 mg cm^−3^), with the BG6Sr cement showing the highest BMD value (355 ± 47 mg cm^−3^). The BV/TV (the percent bone volume in the defects) was 68 ± 10% and 54 ± 8%, respectively, for BG6Sr and BG9Sr cements which were both significantly higher than the value for the BG cement (32 ± 11%).

4. Discussion {#sec4}
=============

The results showed that increasing the Sr substitution (0--12 mol % SrO) of the bioactive borosilicate glass cement resulted in a more or less continuous increase in the setting time of the cement. When the cement was immersed in PBS, an increase in Sr substitution produced a reduction in the weight loss of the cement, an increase in Sr released from the cement, and a slower formation of an HA (or HA-type) product. Sr substitution had little effect on the injectability of the cement and its compressive strength (after setting). Whereas all levels of Sr substitution used in this study enhanced the capacity of the cement to stimulate cell proliferation and function *in vitro* and to heal bone defects *in vivo*, the most significant enhancement was seen for the BG6Sr cement. Together, the results show that this BG6Sr cement can provide an optimal combination of physicochemical properties and biological performance for use as an injectable implant to heal bone defects.

4.1. Physicochemical properties of bioactive borosilicate glass cement {#sec4.1}
----------------------------------------------------------------------

Increasing the Sr substitution of the bioactive borosilicate glass cement produced a significant and continuous increase in its initial setting time, from 10.0 min for the BG cement (0 mol % SrO) to 26.3 min for the BG12Sr cement (12 mol % SrO) ([Table 2](#tbl2){ref-type="table"}). It has been reported that a desirable initial setting time of bone cements intended for clinic application is 10--25 min \[[@bib34]\]. A setting time longer than \~25 min is undesirable because a cement paste that has not fully set can elicit a severe embolism in the surrounding tissue, especially in the vein \[[@bib35],[@bib36]\]. Based on the potential for this adverse response, the BG12Sr cement (12 mol % SrO) may not be well suited for clinical application.

The initial setting time of the cements, as mentioned above, increased with increasing Sr substitution. Although the setting mechanism is different from that in this study, the incorporation of Sr has been observed to affect the dissolution and precipitation reactions of a calcium phosphate cement (CPC) and its setting time \[[@bib35],[@bib37]\]. With the incorporation of 5 mol % Sr into a CPC, it was observed that the setting time increased from 4 min to more than 50 min \[[@bib35],[@bib37]\]. In our previous study, the setting mechanism of a bioactive borate glass cement (without Sr substitution) was found to involve (1) formation of an interlocking HA phase due to reaction and conversion of the borate glass particles, (2) sol to gel transition of the chitosan solution, and (3) chemical interaction between the HA phase on the converted particles and functional groups of the chitosan polymer \[[@bib16]\]. In this study, it is unlikely that the pH-dependent sol to gel transition of chitosan would be strongly affected by the Sr substitution because there was little change in the pH when the cements were soaked in PBS ([Fig. 1](#fig1){ref-type="fig"}b). Consequently, the increase in setting time of the bioactive borosilicate glass cement used in this study may be related mainly to the formation of the HA phase and its chemical interaction with the chitosan phase \[[@bib16]\]. Furthermore, a previous study showed that Sr substitution lowered the conversion of bioactive borosilicate glass to HA \[[@bib18],[@bib19]\]. Conversion of the bioactive glass particles in an aqueous phosphate solution, as described earlier, involves the formation initially of ACP that subsequently crystallizes to HA. Sr ions, particularly at high concentration, have been observed to strongly inhibit the crystallization of HA \[[@bib38]\]. Thus, a major factor responsible for the increase in the setting time with increasing Sr substitution for the bioactive borosilicate glass cement used in this study may be the slower conversion of the bioactive glass particles to HA due to the inhibitory effect of Sr \[[@bib18],[@bib19]\].

Despite the aforementioned increase in setting time, an increase in Sr substitution had little effect on the compressive strength of the cement ([Table 2](#tbl2){ref-type="table"}). Once the cement was fully set, presumably the phases formed and the microstructural features of the cement were not very different due to the same mechanism of setting for all the cements \[[@bib16]\]. While the compressive strength of the cements was far lower than that of human cortical bone (100--150 MPa), it was almost twice the highest strength reported for human trabecular bone (2--12 MPa) \[[@bib39]\]. This means that the cements created in this study could be used to heal moderately-loaded and low-loaded bone \[[@bib39]\]. In another study, Sr was observed to delay the setting of CPC (described earlier) and reduce its compressive strength after setting \[[@bib40]\]. However, the setting mechanism of CPC is different from that of the bioactive glass cement used in this study \[[@bib16],[@bib35],[@bib37],[@bib41]\]. For CPC, the setting mechanism was reported to involve the hydration of HA \[[@bib35],[@bib37],[@bib41]\]. The incorporation of Sr produced a larger amount of micropores in the cement which resulted in a reduction in its compressive strength \[[@bib35],[@bib37],[@bib41]\].

When soaked in an aqueous phosphate solution, such as PBS used in this study, bioactive borosilicate glass particles typically degraded, released ions (such as Si and B, in the form of soluble silica and borate ions, respectively, as showed in [Fig. 1](#fig1){ref-type="fig"}c) and the network modifiers (such as Na^+^, K^+^, Mg^2+^, Ca^2+^, and Sr^2+^) into the soaking medium \[[@bib5], [@bib6], [@bib7], [@bib8], [@bib9]\]. While the release profile of Sr ions from the cement into PBS showed the same trend with time, the concentration of Sr released at any given time increased approximately linearly with increasing Sr substitution ([Fig. 1](#fig1){ref-type="fig"}c). This shows that the amount of Sr released from the glass at any given time can be controlled by the amount of Sr substitution in the glass particles. For any given cement, the Sr concentration in PBS increased to a maximum value at \~20 min and decreased more slowly thereafter. The released Ca^2+^ ions can react with phosphate ions in the soaking medium to form an amorphous calcium phosphate (ACP) product that subsequently crystallizes to HA (or an HA-type material) ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}) \[[@bib7],[@bib8]\]. This degradation and conversion into HA also resulted in a weight loss of the cements ([Fig. 1](#fig1){ref-type="fig"}a) \[[@bib7],[@bib8]\]. As Sr can also form a phosphate material, Sr~10~(PO~4~)~6~(OH)~2~, that is isostructural with HA, Ca~10~(PO~4~)~6~(OH)~2~, a possibility is that a fraction of the Sr ions in solution was being incorporated into the HA as ACP crystallized with time \[[@bib38]\]. This could lead to the formation of a Sr-substituted HA, such as (Ca~1−x~ Sr~x~)~10~(PO~4~)~6~(OH)~2~ \[[@bib38]\]. In a previous study, the release of Sr and other ions from bioactive borate glass (diameter = 0.2--3 μm) into simulated body fluid (SBF) was measured as a function of time \[[@bib42]\]. The amount of Sr substitution in the borate glass microfibers (2 wt % SrO) was considerably smaller than those used in this study. It was found that the fibers were almost fully reacted within 2 weeks at which time 50--60% of the Sr in the fibers were released into the medium \[[@bib42]\]. In the present study, it appears that a fraction of the Sr released from the glass remains in the PBS while the other fraction is incorporated into the HA as the ACP crystallizes. Meanwhile the strong basicity of the alkali metal and alkaline earth metal ion species (Na^+^, K^+^, Mg^2+^, Ca^2+^, and Sr^2+^) can overwhelm the weak acidic tendency of B(OH)~3~ and Si(OH)~4~, and finally increases the pH of soaking medium \[[@bib7],[@bib8]\]. The pH of the PBS showed a similar trend, i.e., a more rapid increase to a maximum at \~20 min followed by slow decrease ([Fig. 1](#fig1){ref-type="fig"}b). Together, the Sr release and the pH data for all the cements indicate that after reaching its highest concentration at \~20 min, Sr ions were being removed slowly and continuously from the PBS with time.

4.2. Effect of Sr on proliferation and osteogenic differentiation of hBMSCs {#sec4.2}
---------------------------------------------------------------------------

The initial interaction between cells and a biomaterial involves adsorption of ions and biomolecules from the medium which is followed by adherence of cells to the adsorbed layer and subsequent spreading \[[@bib26]\]. For a bioactive material such as bioactive glass, the ions release from the material and the nature of the adsorbed layer can strongly influence cellular response \[[@bib5],[@bib43]\]. *In vitro* assays showed that Sr substitution of the bioactive borosilicate glass cement showed no cytotoxicity ([Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}), and can modulate the proliferation ([Fig. 6](#fig6){ref-type="fig"}) and function ([Fig. 7](#fig7){ref-type="fig"}) of hBMSCs incubated on the surface of the cement. Whereas Sr substitution at all levels used in this study enhanced hBMSC proliferation, ALP activity and mineralized nodule formation, the highest enhancement was observed for the BG6Sr cement (6 mol % SrO). This amount of Sr substitution in the cement also showed the best ability to upregulate early (RUNX-2), middle (BSP) and late (OCN) osteoblast marker genes ([Fig. 8](#fig8){ref-type="fig"}). These results are in accordance with previous studies that reported a stimulatory effect of Sr on osteoblastic cell behavior \[[@bib20],[@bib44], [@bib45], [@bib46]\]. However, an interesting observation of this study is that there is an optimal Sr substitution of the borosilicate glass cement for stimulating hBMSC proliferation and function. Strontium ion occupies more space in the BG network, and effectively inhibits the movement and release of other ions. Therefore, borate release from the glass particles can be controlled by altering the strontium oxide content in the glass composition. This explains why different compositions of cements in this study have different effect on proliferation and osteogenic differentiation of hBMSCs cell proliferation rate \[[@bib19],[@bib20]\]. Previous studies demonstrated that Sr ion could promote cell proliferation and osteogenesis of MSCs through Wnt/β-catenin signaling pathway \[[@bib47]\]. Significant increase in β-catenin related mRNA and protein of hBMSCs were also detected after cultured with cement samples. However, after treated with FH 535 solution, the expression of β-catenin, DKK1, Wnt5A compared with control group was completely blocked even cultured with cement groups subsequently. Which means ion released from Sr-substituted cements may play an effect in the proliferation and osteogenic differentiation of hMSCs through Wnt/β-catenin signaling pathway ([Fig. 9](#fig9){ref-type="fig"}).

4.3. Effect of Sr substitution on the bone regeneration *in vivo* {#sec4.3}
-----------------------------------------------------------------

Based on the physicochemical properties of the cements and the response of hBMSCs to the cements *in vitro*, three groups of cements, BG, BG6Sr and BG9Sr, cements were selected to evaluate their capacity to heal critical-size defects in a rabbit femur condyle model *in vivo*. Degradation of the bioactive borosilicate glass particles in the cements resulted in local release of Sr, B, Si, Na and other ions into the adjacent host bone \[[@bib5],[@bib26],[@bib43]\]. Due to their anabolic and anticatabolic effects on the adjacent bone, Sr ions enhanced osteogenesis in the interfacial area \[[@bib44], [@bib45], [@bib46]\]. Defects implanted with the BG6Sr and BG9Sr showed better peri-implant bone formation and significantly higher BMD (bone mineral density), BV/TV (bone volume) and BIC (bone−implant contact) area when compared to defects implanted with the BG cement ([Fig. 10](#fig10){ref-type="fig"}, [Fig. 11](#fig11){ref-type="fig"}). Consistent with the results of the *in vitro* cell culture assays described earlier, the BG6Sr cement showed the best capacity to stimulate osteogenesis in the bone defects. Enhancement of osseointegration, as shown particularly by the BG6Sr cement, can be beneficial in improving implant fixation, decreasing bone resorption and promoting the formation of a stable interface \[[@bib46],[@bib48]\]. The beneficial osteogenic effects of Sr observed in this study are also consistent with the results of previous studies which showed better bone formation due to Sr substituted HA coatings and Sr-doped HA bone graft extender \[[@bib40],[@bib49], [@bib50], [@bib51]\].

In this study, the phase composition of bioactive borosilicate glass cements was not characterized as a function of implantation time *in vivo*. Although micro-CT and histomorphometric analysis showed improved osseointegration of the Sr-substituted cements, particularly the BG6Sr cement, biomechanical testing of excised specimens was not performed to determine the stability of the bone−implant interface. Future experiments will address these issues in an appropriate animal model.

5. Conclusion {#sec5}
=============

Strontium (Sr) substitution of bone cements composed of bioactive borosilicate glass particles and a chitosan matrix was shown to provide an approach to modulate the physicochemical properties and osteogenic activity of the cement. An increase in Sr substitution (0--12 mol % SrO) resulted in an increase in the injectability and setting time of the cement but little change in its compressive strength. Upon immersion in PBS, the cement degraded and formed a hydroxyapatite product more slowly with increasing Sr substitution. Sr ions released from the cements modulated the proliferation, differentiation, mineralization and osteogenic-related gene expression of human bone marrow stem cells (hBMSCs) *in vitro*. Optimal enhancement of these osteogenic characteristics was achieved for a cement (designated BG6Sr) composed of glass particles substituted with 6 mol % SrO. When implanted for up to 8 weeks into rabbit femoral condyle defects *in vivo*, the BG6Sr cement supported better peri-implant bone formation and significantly higher bone−implant contact area than cements substituted with 0 or 9 mol % SrO. With local application of Sr contained bone cements, bone regeneration in rabbit femoral condyle defects was stimulated by activation of the Wnt/β-catenin signaling pathway. These results show that the BG6Sr bone cement has a promising combination of physicochemical properties and biological performance for use as an injectable implant to heal osteoporotic fractures and bone defects.
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